In this work we present a new fabrication technique to print thin dielectric elastomer actuators (DEAs), reducing the driving voltage below 300 V while keeping good actuation performance. With operation voltages in the kV-range, standard DEAs are limited in terms of potential applications. Using thinner membranes is one of the few existing methods to achieve lower operation voltages. Typical DEAs have membranes in the 20-100 m range, values below which membrane fabrication becomes challenging and the membrane quality and uniformity degrade. Using pad printing we produced thin silicone elastomer membranes, on which we pad-printed compliant electrodes. We then fabricated DEAs by assembling two membranes back to back. We obtain an actuation strain of 7.5% at only 245 V on a 3 m thick DEA. In order to investigate the stiffening impact of the electrodes we developed a simple DEA model that includes their mechanical properties. We also developed a strain-mapping algorithm based on optical correlation. The simulation results and the strain-mapping measurements confirm that the stiffening impact of the electrodes increases for thinner membranes. Electrodes are an important element that cannot be neglected in the design and optimization of ultra-thin DEAs.
INTRODUCTION
In this work we present a novel fabrication technique to print thin dielectric elastomer actuators (DEAs), reducing the driving voltage below 300 V while maintaining good actuation performance. We have recently reported a similar device 1 and expand here on the fabrication, characterization and modeling aspects of our work. Stretchability, biocompatibility, optical transparency and silent operation are all exciting advantages of DEAs, making this technology an ideal candidate for a wide range of applications ranging from well-established fields such as optics 2, 3 and fluidics 4, 5 to emerging fields such as mechanobiology 6 and soft-robotics [7] [8] [9] . With voltages typically in the kV range, DEAs are however limited in terms of real-world applications, where cost and size of high-voltage electronics is an important drawback.
For small deformation and ignoring the electrodes stiffness, lateral = and vertical strains can be approximated 
where is the dielectric permittivity of the membrane, is its Young's modulus, is the electric field between the two electrodes, is the applied voltage and is the membrane thickness. The driving voltage of DEAs can be reduced by optimizing the material properties of the elastomer membrane, or by reducing its thickness. The Young's modulus and dielectric permittivity of elastomers can be engineered 11 using different techniques such as the addition of plasticizers 12 and fillers 13, 14 . It is only recently that significant improvement was reported over typical DEA materials, synthesizing an elastomer with high dielectric permittivity and good mechanical properties 15 . The reported actuator was however based on a 180 m thick membrane and required 1 kV to reach a lateral strain of 7%. A different and complementary approach consists in decreasing the elastomer membrane thickness. While typical actuators are 20 m to 200 m in thickness, different techniques can be used to make sub-micron elastomer membranes 16 . It is however very challenging to achieve thickness uniformity and breakdown field compatible for use with DEAs.
We present here the use of pad printing to produce fully printed DEAs with membrane thickness of only a few microns. Pad printing is an industrial printing process mostly used to print inks on three dimensional surfaces otherwise difficult to print on. The technique transfers a pattern from a cliché onto a substrate via a silicone pad. With a clever choice of materials, and by carefully adjusting the printing parameters such as pad pressure and number of stamping steps, we can produce uniform silicone membranes of 1 m to 10 m in thickness. To make a DEA we first pad-printed two elastomer membranes, on top of which we next pad-printed compliant electrodes based on a carbon black-elastomer composite ink 17 . We finally assembled the two membranes back to back and applied a 10% equibiaxial prestretch. The total membrane thickness after prestretch was 3 m, ten times thinner than typical DEAs. Using this device we report a lateral actuation strain of 7.5% at only 245 V. It corresponds to a strain-to-voltage-squared ratio of 125%/kV 2 , the highest reported value for DEA to date by more than an order of magnitude.
To investigate the mechanical impact of the m thick electrodes on the device performance we developed an energybased model that includes the electrodes mechanical properties, a parameter typically neglected for standard DEAs but which should not be overlooked for thin DEAs. We also developed a strain-mapping algorithm based on optical correlation and analyzed the strain profile of our actuator. Results show that the electrode stiffness is indeed a critical parameter, and gives insight on how to design and optimize ultra-thin DEAs.
PAD PRINTING PROCESS FOR DEA FABRICATION
Ultra-thin DEAs for low voltage applications present significant challenges. The fabrication of high quality membranes that can sustain high electric field is difficult below 20 m where the presence of membrane defects and thickness variations become critical. The fabrication of ultra-thin DEAs has also been limited by the need for a technique to pattern stretchable electrodes on extremely soft membranes without inducing any mechanical damage, and with limited stiffening impact.
We report a fabrication process that overcomes those technical limitations. Our process is based on pad printing, an established technology mostly used in the industry to print 2D ink patterns on three dimensional surfaces. Pad printing machines use a cliché (steel plate engraved with the desired design) whose recessed features are filled by an ink pot sliding on its surface. A silicone pad is pressed against the cliché and then removed, thus picking up the ink from the cliché. The pad is next pressed against the printing substrate and removed, thus transferring the ink from the pad to the substrate 17 . Pad printing uniform layers of high-viscosity materials such as silicone elastomers is not trivial. It is with a clever choice of materials, and by carefully adjusting the printing parameters such as pad pressure and number of stamping steps, that we were able to print uniform silicone membranes of 1 m to 10 m in thickness.
The ultra-thin DEA fabrication process that we developed based on pad printing is detailed in Figure 1 .
(i) A substrate of high-quality polyethylene terephthalate (PET) foil was coated with a water soluble sacrificial layer of poly (acrylic) acid (PAA). The sacrificial layer was obtained from a solution of 5% PAA, 15% H 2 O and 80% isopropyl alcohol (IPA) applied by bar coating on a A4 sheet of PET. The substrate was next laser cut into 50 mm diameter circular pieces.
(ii) Using a pad printing machine (TMP-101, Teca-Print AG, Switzerland) a silicone layer was printed on the substrate. Different silicones such as the Sylgard 184 (Dow Corning, USA), Sylgard 186 (Dow Corning, USA) and Silbione LSR 4305 (Bluestar Silicones, France) were successfully printed. The more viscous silicones required the addition of solvent (OS-2, Dow Corning, USA) which led to lower quality membranes. The best results were obtained with Sylgard 184 for which no solvent was required due to its low viscosity (3500 cP compared to 65000 cP for Sylgard 186 and 40000 cP 186 for LSR 4305) and good self-leveling properties. The substrate was allowed 30 min to self-level after printing, significantly improving the silicone layer uniformity. The substrate was then heat-cured at 80 o C for 60 min.
(iii) A stretchable electrode was pad printed on the cured silicone layer and heat-cured at 80 o C for 60 min. We used a carbon black-elastomer composite ink developed in our laboratory 17 which provides stable mechanical and electrical properties and has a limited stiffening impact. Pad printing could not be used to apply electrodes on suspended ultra-thin membranes i.e. we had to print the electrodes before releasing the membrane and had to minimize the printing pressure of the pad in order to avoid any mechanical damage.
(iv) The sample was immersed in hot deionized water for 5 min, dissolving the PAA sacrificial layer and releasing the printed membrane. With this technique the membrane release was gradual and very gentle on the membrane, avoiding any mechanical damage.
(v) Two released membranes were placed under an equibiaxial prestretch. Different prestretch levels were tested and samples were stretched by more than 2 times their initial dimensions, demonstrating the good quality of the printed membranes. A low prestretch level was nevertheless preferred in order to limit its impact on the electrodes resistance (The electrodes are applied before prestretch which therefore influence their resistance). The results presented in this work were obtained under a 1.1 equibiaxial prestretch.
(vi) The two membranes were assembled back-to-back to form a DEA. A drop of ethanol was placed between the two membranes to ensure a uniform contact and avoid trapping air bubbles. Due to the presence of a thin layer of alcohol between them, the two layers could slide on top of each other, which enabled precise electrodes alignment. After 5 min at room temperature the alcohol was completely evaporated and surface adhesion held the two membranes together. Poly (methyl methacrylate) (PMMA) rings were fixed on both sides of the actuator using pressure sensitive adhesive (ARclear, Adhesive Research Inc.) to lock the membrane prestretch. (ii) A silicone layer was then transferred on the substrate using a pad printing machine. The printed silicone layer was allowed time to self-level before it was heat-cured. (iii) Using the same pad printing machine we printed a stretchable electrode on the cured silicone membrane. The carbon-elastomer composite electrode was then heat-cured. (iv) The printed membrane was immersed in hot water to dissolve the sacrificial layer, releasing it from the PET substrate. (v) Two membranes were printed and placed under equibiaxial prestretch. (vi) The two membranes were then assembled back-toback to form a DEA, using ethanol to ensure a uniform contact between the membranes and avoid trapping air bubbles. PMMA rings were fixed on both sides of the actuator using pressure sensitive to lock the membrane prestretch. 
ACTUATION PERFORMANCE OF PRINTED DEAS
Using the fabrication process presented in the previous section we fabricated a fully printed 3 m thick DEA and evaluated its performance, comparing it with a typical 30 m thick DEA that was fabricated following our standard fabrication process 17 . We used expanding circle actuators for this study, a standard for performance evaluation of DEAs 18 . Except for the different membrane thicknesses, the 3 m and 30 m devices were identical. They had the same geometry, used the same membrane and electrode materials, and had the same membrane prestretch. Figure 2 (a) presents a picture of the 3 m printed DEA where the stretchable electrodes appear in black. The electrodes were 1 m to 2 m in thickness, slightly thinner than the printed DEA membrane. The circular active area was 2 mm in diameter and the rigid PMMA rings holding the membrane prestretch had an inner diameter of 20 mm. The membrane was made of Sylgard 184 and placed under a 1.1 equibiaxial prestretch. Figure 2 (b) presents the average radial strain of the 3 m and 30 m DEAs as a function of the driving voltage. The actuation on the thin membrane was limited by dielectric breakdown and a maximum strain of 7.5% was achieved at only 245V. For comparison, actuation on the thick membrane required 3.3 kV to reach the same strain level. Limited by loss of mechanical tension, actuation on the thick membrane could reach up to 14.2% strain at 4.1kV . Overall, the 3 m printed DEA was limited to half the strain of its 30 m thick equivalent. This downside was however easily offset by a more than ten-fold decrease of the driving voltage. In addition, a radial strain of 7.5% is enough to meet the requirements of various DEA applications 19, 20 .
The limited maximum strain of the printed DEA can have two main origins. a) The presence of non-uniformities in the membrane such as thickness variations, air bubbles or inclusion of foreign particles that can lead to premature dielectric breakdown. b) The mechanical stiffening impact of the electrodes which can increase the electric field required to reach a given strain level, effectively decreasing the strain at dielectric breakdown. It is generally difficult to improve membrane uniformities and to reduce electrodes stiffness as those parameters are often already optimized. Further improvement on the electrode stiffness for example would come at the cost of higher resistance. As a result, their relative impact on DEA performance typically increases as the membrane thickness decreases.
A good comparison metric to evaluate this work is the strain-to-voltage-squared ratio (S x /V 2 ) which, unlike the more intuitive strain-to-voltage ratio (S x /V), does not depend on the actuation parameters but solely on the device geometry. Equation 1 clearly shows that S x /V 2 is a device-constant parameter while S x /V varies linearly with V. Using this metric as a factor of merit the printed DEA improved the actuator performance by more than two orders of magnitude, increasing the S x /V 2 ratio from 0.7%/kV 2 for the 30 m thick device to 125%/kV 2 for the 3 m thick device. This result is the highest reported value for a DEA, improving by more than one order of magnitude over current state-of-the art devices 1 . While area strain of 488% 21 and actuation at only 10 V/m 15 have been reported for expanding circle DEAs, the corresponding strain-to-voltage-squared ratios were only 5.7%/kV 2 and 7%/kV 2 respectively. (ii) The average radial strain was measured on 3 m and 30 m thick DEAs. Except for the different membrane thicknesses, both actuators had identical geometry, materials and prestretch. The printed 3 m thick DEA was limited to lower actuation strain but it required more than 10 times lower driving voltage. It exhibited 7.5% radial strain at only 245V, which corresponds to a strain-to-voltage squared ratio of 125%/kV
STRAIN FIELD UNIFORMITY OF PRINTED DEAS
The actuation strain of DEAs is typically measured by tracking the electrodes boundary and calculating the ratio between their initial and final dimensions. This approach is quick and easy to implement but it can hide some valuable information. The ratio between the initial and final dimensions of the electrodes gives the average strain but it provides no information on how uniform the strain field is. In order to get a better insight on the actuation performance of the printed DEA we characterized the uniformity of its strain field.
In addition to the technical difficulty and complexity of measuring strain over a large array of points (instead of only tracking one or two boundaries for average strain), the main difficulty in mapping strain fields comes from the electrode material. Usually highly absorbent in the visible range, it is very challenging to make optical measurements in the electrode-covered regions. The use of periodic metallic microstructures 22 and randomly dispersed fluorescent microbeads 23 can be used to overcome this limitation. Those two techniques however require very specialized microfabrication or imaging equipment.
In this work we removed the need for metallic microstructure or fluorescent markers by taking advantage of the electrodes microstructure. Figure 3 summarises the mains steps of the strain mapping process.
(i) The DEA was placed under a microscope and pictures of the device were recorded under increasing driving voltages. We adjusted the sample lighting to maximise contrast and avoid saturation of the camera sensor in the electrode-coated regions.
(ii) The unactuated picture was discretized into an array of element (e x , e y ) each composed of n x by n y pixels with a center point located at the pixel coordinate (p x , p y ). Using normalized cross-correlation, a technique widely used for pattern recognition, we found for each element their new position (p x ', p y ') in the actuated picture.
The cross-correlation step requires the element to be scanned over every pixel of the actuated picture, calculating for each position a correlation coefficient C. The coefficient can take any value between -1 and 1 (perfect match), and the final output is a 3D surface with its maximum C max located at the best match position (p x ', p y '). If C max is greater than a predefined confidence threshold, we have found the new element position (p x ', p y '). To minimize processing time the cross-correlation can be calculated over a limited region of the actuated picture, for example a region centered on (p x , p y ) and measuring n y +2 y by n x +2 x pixels can be used.
Strain levels greater than 5% can lead to poor results when using a normalized cross-correlation algorithm. One solution is to digitally stretch the elements before the cross-correlation step. This approach however requires guessing the expected strain and can require long iteration loops in order to reach good correlation coefficients. A second approach is to simply process a series of pictures recorded at intermediate steps, adding up the strain maps to obtain the total strain field.
(iii) Finally, from the initial (p x , p y ) and final positions (p x ', p y ') we calculated the displacement and strain fields. The displacement field was simply obtained by calculating the distance separating the two positions. The overlaid black arrows in Figure 3 (iii) correspond to the displacement direction. The amplitude of the displacement is given by the arrows length and by the color coded contour lines. The strain field was obtained by calculating the derivative of the displacement field. The overlaid black lines in Figure 3 (iii) correspond to the vertical/horizontal strain ratio i.e. 45 o lines indicates an equibiaxial strain, horizontal lines correspond to a uniaxial horizontal strain, and vertical lines correspond to a uniaxial vertical strain. The strain amplitude is given by the lines length and by the color coded contour lines.
Strain mapping showed excellent uniformity for the 30 m DEA but showed noticeable variations for the 3 m DEA. Figure 3 (iii) presents the 3 m DEA strain field, and whereas the average lateral strain was only 7.5%, local strain values greater than 10% were measured in some area of the device. This result gives an important insight on the actuation performance of the printed DEA i.e. Regions under higher strain are exposed to higher electric field and are consequently prone to induce early dielectric breakdown. Actuation strain of the printed DEA was therefore partially limited by its non-uniform strain profile.
The non-uniform strain profile measured on the 3 m thick DEA can origin from thickness variations over the membrane and from the electrodes stiffening impact (i.e. the effects of electrodes thickness variations and the presence of leads connecting the circular active area). While both effects must have influenced the device performance, we believe that the electrodes mechanical impact was dominating. White light interferometry measurements showed good membrane thickness uniformity with less than 10% variations, which according to our simulation is not enough to explain the variations measured in the strain profile. In addition, the same strain distribution presented in Figure 3 was observed on all printed DEAs i.e. a high strain region located in the center of the device, and elongated in the direction perpendicular to the feedlines. This regular strain profile can be explained by the electrodes mechanical impact but not by random thickness variations over the membrane. Figure 3 : Digital Image Correlation (DIC) was used to measure the strain field of the actuator. Taking advantage of the electrodes topography we achieve this measurement without the need for additional markers as typically required for DIC.
(i) The fully printed DEA was actuated while pictures of the active area were recorded at different voltages.
(ii) The unactuated picture was first discretized into an array of elements (e x , e y ), each composed of n x by n y pixels and with their center points located at the pixels coordinates (p x , p y ). Using normalized cross-correlation, a technique widely used for pattern recognition, we found for each element its new position (p x ', p y ') in the actuated picture. To minimize processing time we calculated correlation only over a sub-region centered on (p x , p y ) and measuring n y +2 y by n x +2 x pixels. (iii) From the position of each element in the unactuated and actuated states we calculated the displacement and strain fields. The overlaid black arrows give the displacement directions while the black line corresponds to the vertical/horizontal strains ratio i.e. a 45 o line indicates equibiaxial strain.
MODELING THE STIFFENING IMPACT OF ELECTRODES
Significant work has already been done to develop theoretical models describing the actuation mechanism of DEAs. These models helped identifying and predicting the main failure mechanisms 24 , and were used to maximize DEAs actuation strain 21, 25 and displacement 26 . While the mechanical forces acting in the membrane are usually well described with those models, taking into account the hyperelastic properties and the incompressibility of the material, the mechanics of the electrodes is typically neglected. This approximation is valid for very soft electrodes on thick membranes, but our experimental results on the 3 m DEAs suggest that it is not valid anymore for ultra-thin DEAs.
We developed a simple energy-based model that predicts the actuation strain of an expanding circle DEA as a function of the applied voltage. The boundary effect on the membrane is neglected (a valid approximation if the radius of the active area is much larger than the radius of the passive area) and the prestretch is modeled as a constant force. Figure 4 presents the actuator geometry and lists the different input parameters (in red), variables (in blue) and assumptions (in green) of the model. Using an energy minimization approach we calculated the voltage as a function of the actuation stretch . We first wrote the equations of the different energy contributions, as well as their first derivatives. Using those equations we calculated the total energy of the system and minimized it to find a stable solution. We expressed the analytical solution as a function of the form ( ) which can be used to predict the voltage required to reach any stretch level for a given actuator design.
Prestretch
was modeled a constant force acting on the periphery of the stretched layer. The stored mechanical energy can be expressed as
where = is the total stretch, ( ) is the actuator radius, ( ) is the layer thickness, and ( ) is the mechanical stress in the layer. 
where is the layer shear modulus, is a model parameter and 1 is the first invariant of the Cauchy-Green tensor. This equation was used to separately calculate the membrane and electrodes prestretch energy. For the actuation stretch contribution we used the strain energy density function of the Gent model and obtained 
This equation was used to separately compute the membrane and electrodes actuation stretch energy. For the electrostatic contribution to the total energy we considered a parallel plate capacitor and neglected the edge effect. We obtained 
where is the membrane dielectric permittivity and is the voltage. The total system energy was expressed as
and setting its first derivative equal to zero (to minimize the system energy) we obtained
where − is the prestretch energy of the electrode (In our fabrication process the electrodes were printed before applying prestretch to the membrane), − the prestretch energy of the membrane, − the actuation stretch energy of the electrode, − the actuation stretch energy of the membrane, and the electrostatic energy of the system. Combining Equations 2-5 we isolated the voltage as a function of the actuation stretch and used this analytical solution to predict the strain-voltage curves for different DEA geometries. Figure 5 compares the strain-voltage curves of actuators with membrane thicknesses ranging from 5 m to 60 m. The solid lines correspond to the results obtained for realistic electrodes of finite stiffness, whereas doted lines corresponds to the results obtained for ideal electrodes of zero stiffness. The red crosses indicate where the electric field in the membrane exceeds the dielectric breakdown strength that was set to 160 V/m. We considered 1 m thick electrodes that had the same shear modulus as the membrane. The complete list of model parameters is detailed on the right hand side of the figure. As expected, we observed for ideal and realistic electrodes that the driving voltage decreases with the membrane thickness. The strain at dielectric breakdown however evolved differently for the two configurations. It remained constant for the ideal electrodes, but decreased with the membrane thickness for the realistic electrodes.
The offset observed between the two set of curves on Figure 5 comes from the stiffening impact of the electrodes which slightly increases the driving voltage. We observed that the relative stiffening impact of the electrodes is not constant, but that it rather increases as the membrane thickness decreases. This effect is clearly visible in Figure 6 which presents the driving voltage at 5% radial strain as a function of the membrane thickness. We considered 1 m thick electrodes (constant parameter that was not scaled with the membrane thickness) that had the same shear modulus as the membrane. The complete list of model parameters is detailed on the right hand side of the figure. We observed that the realistic and ideal electrodes models diverge below 15 m thick membranes. As the membrane thickness decreases, the actuator mechanics is gradually dominated by the electrodes rather than the membrane.
The results presented in this section demonstrated that the development of ultra-thin DEAs is not bounded to simply reducing the membrane thickness. We identified the electrodes stiffness as a critical parameter that can lead to premature dielectric breakdown if not carefully considered in the design of the actuator. The simulations results showed that the ideal electrode assumption is not valid anymore for ultra-thin DEAs, or more precisely when the actuator stiffness is not anymore dominated by the mechanical properties of the membrane. Based on those results and on the strain fields measurements presented in the previous section, we believe that the actuation performance of the 3 m DEA was mainly limited by the stiffening impact of the electrodes. One approach to further improve its performance would therefore be to develop a softer and more conductive electrode material that could be applied in thinner layers. We observed that the realistic electrode model predicts higher actuation voltage due to the mechanical stiffening impact of the electrodes. This effect leads to lower strain at dielectric breakdown, demonstrating that there is an optimal membrane thickness that depends on the DEA voltage and strain requirements. The driving voltage required to reach 5% radial strain on a circular DEA was calculated and presented here as a function of the membrane thickness. The solid lines correspond to the results obtained for realistic electrodes of finite stiffness, whereas doted lines corresponds to the results obtained for ideal electrodes of zero stiffness. The red crosses indicate where the electric field in the membrane exceeds the dielectric breakdown strength of the material. The model parameters are detailed on the right hand side of the figure. As we decreased the membrane thickness, the actuator stiffness was slowly dominated by the electrodes. As a result we observed that the realistic model slowly diverged from the ideal case, demonstrating that the ideal electrode assumption is not valid for ultra-thin DEAs.
CONCLUSION
In this work we presented a fully printed 3 m thick DEA, and demonstrated that decreasing the membrane thickness to only a few microns significantly reduces the driving voltage while maintaining good actuation strain performance. A radial actuation strain of 7.5% was reported at only 245V. This result corresponds to an actuation of 125%/kV 2 which is the highest reported value to date for a DEA. In order to investigate the stiffening impact of the electrodes we developed a simple DEA model that includes their mechanical properties. We also developed a strain-mapping algorithm based on optical correlation. The simulation results and the strain-mapping measurements identify the electrodes as an important parameter that should not be neglected in the design and optimization of thin DEAs. This work presents a practical approach toward low-voltage DEAs, a critical step in the development of real-world application. With driving voltage below 300 V, a range covered by commercially available CMOS circuitry, consumer market applications are already possible. Combined with progress in material engineering of elastomers, this work could lead to even lower actuation voltages and open the door to a variety of new opportunities for DEA-based technologies.
